Background: Ornithine lipids (OLs) are bacteria-specific membrane lipids involved in stress response and can be covalently modified. Results: The methyltransferase Sinac_1600 (OlsG) responsible for OL N-methylation is identified and characterized. Conclusion: OlsG is responsible for a new type of OL modification. Significance: A synthesis pathway for N-methylated OL is revealed.
Ornithine lipids (OLs) are phosphorus-free membrane lipids widespread in bacteria but absent from archaea and eukaryotes.
In addition to the unmodified OLs, a variety of OL derivatives hydroxylated in different structural positions has been reported. Recently, methylated derivatives of OLs were described in several planctomycetes isolated from a peat bog in Northern Russia, although the gene/enzyme responsible for the N-methylation of OL remained obscure. Here we identify and characterize the OL N-methyltransferase OlsG (Sinac_1600) from the planctomycete Singulisphaera acidiphila. When OlsG is co-expressed with the OL synthase OlsF in Escherichia coli, methylated OL derivatives are formed. An in vitro characterization shows that OlsG is responsible for the 3-fold methylation of the terminal ␦-nitrogen of OL. Methylation is dependent on the presence of the detergent Triton X-100 and the methyldonor S-adenosylmethionine.
Ornithine lipids (OLs) 3 are phosphorus-free membrane lipids. Genes predicted to be involved in OL synthesis can be found in 50% of the sequenced bacterial species (1) but have not been described in eukaryotes or archaea (2, 3) . An OL synthesis pathway was discovered first in the ␣-proteobacterium Sinorhizobium meliloti (4, 5) . The N-acyltransferase OlsB transfers a 3-hydroxy fatty acyl residue from the constitutive acyl carrier protein AcpP to the ␣-amino group of ornithine forming lysoornithine lipid (4) . Then the O-acyltransferase OlsA transfers a fatty acyl residue from AcpP to the lyso-ornithine lipid, thereby yielding OL (5) . Recently, the OL synthase OlsF was described in Serratia proteamaculans (1) . OlsF contains two acyltransferase domains that are responsible for both acyltransferase reactions required for OL synthesis. OL synthesized by either OlsF or the OlsBA pathway can be further modified in several bacteria. Three OL hydroxylases introducing hydroxyl groups at the 2-position of the ester-bound fatty acid (OlsC), at the 2-position of the amide-bound fatty acid (OlsD), or within the ornithine head group (OlsE) have been described in recent years (6 -9) . Evidence points at a role for some of these OL hydroxylations in the bacterial response to abiotic stress conditions, such as high temperature or acidity (9) . Furthermore, Agrobacterium tumefaciens and Rhizobium tropici mutants deficient in OL formation or OL hydroxylation were affected in host-symbiont/host-pathogen interactions (9, 10) .
Recently, the presence of N-methylated OLs has been reported in membranes of Singulisphaera acidiphila, Singulisphaera rosea, Telmatocola sphagniphila, and Gemmata-like strain SP5, all of them planctomycetes isolated from a bog in Northern Siberia (11) . Here we present the identification and characterization of the OL N-methyltransferase OlsG from S. acidiphila, responsible for the biosynthesis of a series of novel OLs, mono-, di-, and trimethylated on the ␦-nitrogen of the ornithine head group.
Experimental Procedures
Bacterial Strains and Growth Conditions-S. acidiphila (DSM 18658 T ) was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH. It was grown at 28°C in a modified M31 liquid medium (12) containing per liter of distilled water 0.1 g of KH 2 PO 4 , 20 ml of Hutner's basal salt solution (13), 1 g of N-acetylglucosamine, 0.1 g of peptone;
0.1 g of yeast extract, 0.2 g of ampicillin, adjusted to pH 5.6. We replaced ammonium molybdate with equimolar amounts of sodium molybdate in Hutner's basal salts solution. Escherichia coli strains were grown at 30°C in LB medium. When required, antibiotics were added to E. coli cultures in the following final concentrations: 100 mg/liter carbenicillin, 20 mg/liter chloramphenicol, and 200 mg/liter spectinomycin.
Identification of Candidate Genes Encoding Enzymes Responsible for the Synthesis of Methylated OL-The genome sequence of S. acidiphila DSM 18658 was searched for the presence of genes encoding putative lipid N-methyltransferases. BLAST was performed using the amino acid sequences of the phospholipid N-methyltransferases PmtA from S. meliloti (AAG10237) and PmtA from Rhodobacter sphaeroides (AAA26152) and of the diacylglycerylhomoserine N-methyltransferase BtaB from S. meliloti (CAC46774) as query sequences.
Cloning and Expression of Candidate N-Methyltransferases Genes in E. coli-Genomic DNA from S. acidiphila was isolated from bacterial 1.5-ml cultures using a DNA isolation kit for cells and tissues (Roche). ORFs of 12 candidate genes (Table 1) were amplified from genomic DNA by PCR using XL polymerase (Applied Biosystems) and the oligonucleotide primers listed in Table 1 . Amplified PCR products and the expression vector pET17b (14) were digested with the respective restriction enzymes (Table 1) , and the ORFs were ligated into pET17b. Nucleotide sequences of the constructs were confirmed by Sanger sequencing (Eurofins Medigenomix, Ebersberg, Germany). The resulting plasmids (Table 1) were transformed into an OL-forming E. coli BL21(DE3) derivative. To construct this E. coli host, the olsF gene from S. proteamaculans was subcloned as an NdeI/BamHI fragment from pET9a-OlsF into pCDF-Duet1 (Novagen) (1) yielding plasmid pCDF-OlsF. The latter was transformed into E. coli BL21(DE3)⅐pLysS, and it was confirmed that OL formation occurred upon IPTG induction in this strain. E. coli strains harboring olsF and genes encoding candidate methyltransferases were assayed for the formation of methylated OL. Bacterial cultures were grown, and at an A 620 of 0.3, IPTG (0.2 mM), and 1 Ci of [ 14 C]acetate (Amersham Biosciences; 57 mCi mmol Ϫ1 ) or 1 Ci of [ 14 C]ornithine (Perkin Elmer; 56 mCi mmol Ϫ1 ) were added. Cultures were incubated for further 4 h, cells were harvested, and lipids were extracted (15) . Aliquots of lipid extracts were analyzed by two-dimensional TLC (HPTLC silica gel 60; Merck) using chloroformmethanol-water (14:6:1, v/v/v) as a mobile phase for the first dimension and chloroform-methanol-glacial acetic acid (13: 5:2, v/v/v) as mobile phase for the second dimension (16) . Lipid spots were quantified using a Storm 820 Phosphor-Imager and ImageQuant software (Amersham Biosciences). Plasmid pET17b-OlsG was also expressed in BL21(DE3)⅐ pLysS, and the strain was assayed as described above.
In Vivo Labeling of S. acidiphila-S. acidiphila was grown in M31 liquid medium. In the early exponential growth phase (A 620 of 0.3), 1-ml aliquots of S. acidiphila cultures were labeled with 1 Ci of [ 14 C]acetate for 48 h or 1 Ci of [ 14 C]ornithine for 24 h. Cells were harvested, and lipids were extracted (15) . Radioactive lipids were analyzed as described earlier.
LC-ESI-MS/MS Analysis of Lipids-A S. acidiphila culture (1 liter) was grown for 1 week in liquid M31 medium (final A 620 of 1.2). Cells were harvested, and lipids were extracted (15) . E. coli strains BL21(DE3)⅐pLysS⅐pCDF-OlsF⅐pET17b and BL21(DE3)⅐ pLysS⅐pCDF-OlsF⅐pET17b-OlsG were grown in 500-ml cultures. IPTG inductions and lipid extractions were performed as described earlier. Aliquots of lipid extracts were analyzed on an Agilent 1200 series HPLC system coupled to an Agilent 6520 Accurate-mass quadrupole time of flight mass spectrometer equipped with an electrospray ionization interface. was increased to 5%, at 22.5 min eluent B was increased to 25%, and at 26.5 min eluent B was increased to 50%. These conditions were held for 1 min before returning to the initial conditions for 8 min. Column temperature was held constant at 40°C (17) . Identification of OL and TMOL species occurred by comparison with previously published fragmentation patterns (11, 18) .
Preparation of Radiolabeled OL Substrate-E. coli BL21(DE3)⅐ pLysS cells expressing OlsF from S. proteamaculans were used to obtain radiolabeled OL. A series of 12 cultures of 1 ml were induced with 0.2 mM IPTG at an A 620 of 0.3 and labeled with 1 Ci of [ 14 C]ornithine, respectively. Cultures were incubated for further 4 h, cells were harvested, and lipids were extracted (15) . Concentrated lipid preparations were separated by one-dimensional TLC using chloroform-methanol-water (14:6:1, v/v/v) as a mobile phase. [ 14 C]OLs were detected by exposition of the TLC plate to a PhosphorImager screen, and silica containing radiolabeled OL was scraped off the TLC plates. OL was extracted from the silica (15) . Radioactivity present in the recovered OL was determined by liquid scintillation. Aliquots of [ 14 C]ornithine-OL and dilutions derived thereof were run on TLC. The amount of OL present in the lipid solution was determined by comparing the ninhydrin staining of OL to the ninhydrin staining of a known L-alanine standard.
Characterization of OL N-Methyltransferase Activity-BL21(DE3)⅐ pLysS cells harboring pET17b-OlsG or pET17b were inoculated into 1 liter of LB medium from a fresh overnight culture. At an A 620 of 0.3, IPTG (0.2 mM) was added to induce gene expression. After 4 h of induction cells were harvested by centrifugation, and cell-free extracts were prepared as described previously (16) in 100 mM Tris/HCl, pH 8. The protein concentration in the cell-free protein extracts was determined (19) . The standard reaction mixture contained, in a volume of 50 l in Eppendorf tubes, 50 g of protein; 50 mM Tris/HCl, pH 8, 1000 cpm of radiolabeled OL equivalent to 80 M of OL, 5 mM S-adenosylmethionine (SAM; Sigma), and 0.05% (w/v) Triton X-100. Reaction mixtures were incubated in a water bath at 28°C for 60 min. Reactions were stopped by adding 188 l of methanol:chloroform (2:1, v/v). Addition of 63 l of chloro-
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Oligonucleotide primer sequences (5 (20) , using the GraphPad Prism software program version 5.0. Averages and standard deviations were calculated from three independent measurements. The statistical certainty of the K m and V max values was determined.
Construction of the Phylogenetic Tree-Amino acid sequences of putative bacterial SAM-dependent N-methyltransferases were retrieved with BLAST using the amino acid sequences of OlsG from S. acidiphila and PmtA from S. meliloti (21) as queries (NCBI accession numbers YP_007201674 and AAG10237, respectively). Other enzymes with experimental evidence supporting their functions that were included in the phylogenetic tree are PmtA (NP_353330) from Agrobacterium fabrum (formerly A. tumefaciens) C58 (22) Ornithine Lipid N-Methyltransferase JUNE 12, 2015 • VOLUME 290 • NUMBER 24
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Methylobacterium extorquens (ABY31351), Burkholderia cepacia (AIO28592), and Acidithiobacillus caldus (AIA54424). A multiple sequence alignment was constructed with MAFFT (25), using the BLOSUM62 substitution matrix, a gap open penalty of 2.2, and a gap extension penalty of 0.05. The poorly conserved edges of the alignment were trimmed with Jalview (26) . The phylogenetic tree was constructed with PhyML 3.0 (27), using the LG amino acid substitution model, six substitution rate categories, the best of NNI and SPR methods for tree improvement, a proportion of invariable sites of 0.011, and a Gamma distribution parameter of 1.642. To evaluate branch support, the approximate likelihood- ratio test statistic with the SH-like interpretation was calculated.
Results
S. acidiphila DSM 18658 Forms Methylated OL Derivatives-
Recently, the presence of N-methylated OL derivatives has been described in a few planctomycetes (11) . First, we wanted to confirm the presence of methylated OLs in S. acidiphila. S. acidiphila was grown in M31 liquid medium, and lipids were labeled with [ 14 C]acetate or [ 14 C]ornithine. A TLC analysis of S. acidiphila lipid extracts revealed a complex membrane lipid composition (Fig. 1) . Based on the relative mobility of the lipids and the previously published S. acidiphila lipid composition (11), we tentatively assigned the lipid spots ( Fig. 1) . [ 14 C]Ornithine was specifically incorporated into three lipids, which based on their mobility were assigned as OL, dimethyl-OL (DMOL), and trimethyl-OL (TMOL) (data not shown). Confirmation of the different methylated OL structures was later also obtained by LC-MS (see Fig. 4 ).
Identification of Candidate Genes Possibly Involved in the N-Methylation of Ornithine Lipid-Given the analogy of the Nmethylated structures that are formed in the phospholipid Nmethylation pathway for phosphatidylcholine synthesis (28) and the structures described by Moore et al. (11) , we hypothesized that TMOL should be formed by a 3-fold N-methylation of unmodified OL (Fig. 2) . Two families of bacterial phospholipid N-methyltransferases (Pmts) have been described (21, 28, 29) . A third bacterial lipid N-methyltransferase is BtaB, involved in the synthesis of the betaine lipid diacylglyceryl-N,N,N-trimethylhomoserine (DGTS) (30, 31) . The S. acidiphila genome was searched for genes encoding homologs of the bacterial N-methyltransferases PmtA from S. meliloti, PmtA from R. sphaeroides, and BtaB from S. meliloti. In total, 12 genes were selected based on their sequence identity to the characterized genes (Table 1) .
Sinac_1600 Encodes an OL N-Methyltransferase-Recently we identified the OL synthase OlsF from S. proteamaculans that upon expression in E. coli caused OL formation (1) . We decided to express the 12 candidate genes in an OL-forming E. coli strain and analyze the lipid compositions of the resulting strains for the presence of novel OL-derived structures. E. coli harboring empty plasmids only formed the major membrane lipids phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin (Fig. 3A) . E. coli expressing OlsF from S. proteamaculans also formed OL in addition to the three phospholipids ( Fig. 3B) (1) . When co-expressing the OL synthase OlsF with putative lipid N-methyltransferases, only Sinac_1600 caused the formation of new lipids. The unmodified OL disappeared and two new lipids not present in control strains were formed (Fig. 3C) . Labeling of the E. coli culture expressing OlsF and Sinac_1600 with [ 14 C]ornithine confirmed that ornithine was incorporated into the newly formed lipids (Fig. 3D) . The lipid compositions of the E. coli strains expressing OlsF only, OlsF and OlsG, and S. acidiphila were also compared by LC-MS (Fig. 4) . In an E. coli strain expressing OlsF only phosphatidylethanolamine (PE), phosphatidylglycerol, CL, lyso-CL, and OL were detected (Fig. 4A ). Co-expression of OlsF and OlsG in E. coli caused in addition the formation of the methylated OL and PE derivatives monomethyl-OL (MMOL), DMOL, TMOL, monomethyl-PE, dimethyl-PE, and PC (Fig.  4D ). In the S. acidiphila lipid extract PC, TMOL, CL, lyso-CL, and monoglycosyl diacylglycerol were detected (Fig. 4G) .
Elution times of OL and TMOL ions were at 11-13 min, and individual compounds were identified by their exact masses and characteristic MS/MS fragmentation patterns (Fig. 4) . OLs that were present in E. coli cells expressing OlsF presented the major ion species m/z 677.58, 651.57 and 625.55 and had m/z 115.09 as characteristic OL head group fragment (Fig. 4, B and  C) , whereas E. coli expressing OlsF and OlsG had m/z 719.63, 693.61, and 667.60 as major TMOL ions (Fig. 4E ). Major TMOL ion species in S. acidiphila were m/z 721.65, 719.63, and 695.63 (Fig. 4H ). TMOLs extracted from both species showed very similar fragmentation patterns presenting the characteristic TMOL head group fragment m/z 116.07 (11) and only differed in their fatty acid composition (Fig. 4, F and I) . The hydrophobic part of S. acidiphila OLs was mainly comprised of 3-OH C18:0 fatty acids to which either a C18:1, C18:0, or C16:1 fatty acid was bound at the hydroxyl group, whereas the OLs from E. coli had 3-OH C18:1 and 3-OH 16:0 fatty acids to which a C18:1 or C16:1 fatty acid was bound. Based on these results, we named Sinac_1600 OlsG (ornithine lipid synthesis G). When OlsG was expressed without OlsF in E. coli, we could observe the forma- tion of significant amounts of methylated PE derivatives including PC (data not shown).
The N-Methyltransferase OlsG Uses OL as Substrate-OlsG is a homolog of the phospholipid N-methyltransferase PmtA from S. meliloti (SmPmtA) (21) . It is composed of 192 amino acid residues and shares 29% identity on amino acid level with SmPmtA. OlsG is predicted to lack transmembrane helices despite being responsible for the methylation of a membrane lipid. An enzymatic assay had been established for sinorhizobial PmtA, and we developed the OlsG assay based on the earlier test (16) . Using cell-free protein extracts from E. coli expressing OlsG in presence of [ 14 C]ornithine-OL, the formation of three methylated derivatives corresponding to MMOL, DMOL, and TMOL could be observed (Fig. 5 ). During short incubation times, only MMOL and DMOL were detected, but at later time points, TMOL was also formed. In parallel, a gradual consumption of OL was observed, whereas no OL consumption was detected in the presence of cell-free protein extracts from E. coli strains not expressing OlsG (Fig. 5 ). The consumption of unmodified OL was close to linear up to at least 60 min (Fig.  6A ). OL methyltransferase activity was dependent on the presence of Triton X-100, and the highest enzyme activities were observed in the range of 0.03-0.05% (w/v) Triton X-100 ( Fig.   6B ). At higher Triton X-100 concentrations, OlsG activity decreased, indicating that the reaction follows surface dilution kinetics (32) . OlsG activity was not detectable in absence of the methyl donor SAM, and it increased steeply up to ϳ1 mM SAM. At higher SAM concentrations, the enzyme showed saturation kinetics (Fig. 6C ). Enzymatic parameters V max and K m were determined by fitting a nonlinear regression curve to the Michaelis-Menten equation. Best fit values, standard error, and 95% confidence intervals were 0.98 Ϯ 0.17 mM (95% confidence intervals ϭ 0.63 to 1.33) for K m and 37.70 Ϯ 2.59 pmol ϫ min Ϫ1 (95% confidence intervals ϭ 32.49 to 42.96) for V max . The best fit to the Michaelis-Menten equation is shown as a solid gray line (Fig. 6C ). The enzyme OlsG showed maximum activity at pH 8 (Fig. 6D) .
Because we had observed that OlsG expression in E. coli in absence of OlsF caused PE methylation, we also assayed PE as substrate in vitro. However, no formation of methylated PE derivatives was observed under the conditions tested (data not shown).
Genes Encoding OlsG Homologs Are Present in a Few Planctomycete Genomes-The N-methylation of OLs has been described in a variety of planctomycetes isolated from a bog in Northern Russia (11) . After we had identified Sinac_1600 (OlsG) as the methyltransferase responsible for MMOL, DMOL, and TMOL formation when heterologously expressed in E. coli, we wanted to learn how widespread this new activity was. A phylogenetic tree using known lipid N-methyltransferases and several uncharacterized putative methyltransferases was constructed ( Fig. 7) . Homologs of rhodobacterial PmtA and homologs of BtaB are only very distantly related to PmtA from S. meliloti and OlsG from S. acidiphila and were not included in the analysis. Sequences included in the tree formed three different branches. One group was formed by PmtA from S. meliloti and related methyltransferases responsible for PE methylation, the second group by OlsG from S. acidiphila and other methyltransferases mostly from planctomycetes that are probably responsible for OL methylation. The third group was formed by putative methyltransferases of unknown function.
Discussion
OLs are phosphorus-free membrane lipids that can be formed by ϳ50% of the sequenced bacterial species but are absent from archaea and eukaryotes (1-3). In recent years several OL modifications have been identified, all of them hydrox-ylations (3, 6 -9) . Therefore it came as a surprise when a novel OL structure, N-methylated at the ␦-amino group of the ornithine headgroup, was described in several species belonging to the planctomycetes (11) .
OlsG (Sinac_1600) caused the formation of methylated OL derivatives in the heterologous host E. coli. It is a homolog of the phospholipid N-methyltransferase PmtA from S. meliloti responsible for PC formation via the methylation pathway in this organism. Upon expression in E. coli, OlsG also uses PE as substrate. PE methylation is probably not of importance in S. acidiphila, because it seems to lack PE (11) (Fig. 1) . Consistent with this finding, we could not identify genes encoding phosphatidylserine synthase and phosphatidylserine decarboxylase in the genome of this bacterium. Interestingly, S. acidiphila can form PC, but it is most probably formed by the phosphatidylcholine synthase (Pcs) pathway and not by the Pmt pathway. Apparently, S. acidiphila contains a gene encoding a putative Pcs in its genome (Sinac_5705). PC formation via Pcs requires the presence of exogenous free choline, meaning that in absence of choline, no PC formation can occur (28, 33, 34) .
Presently, it is not clear what the function of methylated OLs is. OlsG homologs are restricted to several Plantomycetes isolated from the same habitat as S. acidiphila, so possibly the formation of the N-methylated OL derivatives presents an adaptation to this acidic and nutrient-poor habitat.
It is striking that TMOL presents a quarternary amino group within its headgroup such as PC or DGTS. DGTS has been described to replace PC in several proteobacteria and algae under phosphate-limiting conditions (18, 31, (35) (36) (37) . No genes required for DGTS formation could be detected in the S. acidiphila genome, so TMOL might take over the role of PC/DGTS under the phosphate-limiting conditions that are present in an ombrotrophic wetland such as a peat bog (20 -80 g of phosphate/liter) (11, 38) . Furthermore, a peat bog is an acidic (pH 3.6 -4) and nutrient-poor habitat, so it is not clear whether the choline required for Pcs activity is present. Maybe in absence of choline, TMOL can replace PC. PC is important for membrane stability and under stress conditions. PC-deficient S. meliloti and Pseudomonas aeruginosa mutants are more sensitive to freezing than the respective wild type (39, 40) . Possibly, the N-methylated head group of TMOL is an adaptation to provide membrane stability to S. acidiphila under the changing temperatures (Ϫ20 to 25°C) to which the bacterium is exposed in its natural habitat.
Using OlsG, S. acidiphila can form methylated OL derivatives from unmodified OL. Surprisingly, we were not able to detect genes encoding the OlsBA pathway or the OL synthase OlsF that should be required for OL synthesis in its genome. Within the planctomycetes that have been sequenced, to date only Gemmata presents a gene encoding an OlsB homolog. This implies that still unidentified acyltransferases are responsible for OL formation in S. acidiphila and other planctomycetes.
The recent discovery of the OL synthase OlsF has doubled the number of bacterial species that can be expected to form OL under certain growth conditions to 50% (1). Some bacteria form OL only under conditions of phosphate depletion, whereas other (often closely) related organisms also form them under phosphate-replete conditions (7, 8, 18) . This wide prevalence of OL combined with the existence of OL-modifying enzymes (OlsC, OlsD, OlsE, and OlsG) means that a variety of OL-derived structures can be formed in bacteria. This diversity of OL structures was unknown only a decade ago. There are probably two major explanations for this (41): 1) E. coli as a standard model of lipid biochemistry has only a limited repertoire of membrane lipids and has not been shown to form any major phosphorus-free membrane lipids, and 2) usually, we grow bacteria under optimal conditions in the laboratory, meaning that we use rich and complex media that are in most cases not reflecting the natural habitat. This might explain why a part of the structural diversity present in OLs that has been uncovered in recent years was missed for so long.
